The Cell, an RNA-Dependent Machinery
====================================

Some of the most fundamental cellular processes rely on anciently conserved non-coding RNAs (ncRNAs). These include, for instance, the ribosomal RNAs which are assembled together to constitute ribosomes, the factories for translation of messenger RNAs (mRNAs) into proteins. Other ancient roles of ncRNAs include the transport of amino acids through ribosomes via the transfer RNAs (tRNAs) or the splicing of introns of pre-mRNA which is mediated in part by the snRNAs (small nuclear RNAs). More recently, the crucial role of ncRNA in post-transcriptional gene regulation has been highlighted by the discovery of microRNAs (miRNAs), which repress gene expression by targeting semi-complementary motifs in target mRNAs (Lee et al., [@B23]). Many additional classes of ncRNAs have been discovered in the last decade reinforcing the view that they are of central importance in the functioning of cells from all the branches of life (Amaral et al., [@B1]).

Amongst the various ncRNA classes, we know probably least about the long non-coding RNAs (lncRNAs). In particular, what is the total number of lncRNAs in mammalian genomes? Where are they localized? What is their significance in the context of evolution, and particularly in the evolution of complex processing in primate brains? Now that good catalogs of lncRNAs have become available, the most critical question is to address the functionality of these transcripts. This question is particularly acute given that we have no *a priori* methods for the prediction of lncRNA function based on sequence alone, in contrast to proteins where confident inferences on protein function can be made by simply analysis of the amino acid sequence. Given the sheer number of new unexplored lncRNA transcripts (∼15,000 at last count; Derrien et al., submitted), the field must move forward to address this question of function by using large-scale functional screens. Such moves are already underway, with groups such as Eric Lander's carrying out siRNA screens (Guttman et al., [@B14]). Large-scale analysis of protein-binding partners will also add another layer of valuable information to such annotation of lncRNA catalogs. Hopefully, advances in bioinformatic annotation of RNA structures (Torarinsson et al., [@B43]; Parker et al., [@B33]), and methods to predict functions based on this, will be developed. In this way, we might build up a richly annotated catalog of lncRNAs with functional predictions, that will enable us to integrate them into existing knowledge of the cell, and infer possible roles in human diseases.

*Cis* and *trans* Functions for lncRNAs
=======================================

Until recently, only a handful of lncRNAs have been described in the literature. One of the earliest examples was XIST, a 19 kb non-protein-coding transcript which is responsible for the inactivation of one of the two X chromosome in placental females through DNA methylation (Brockdorff et al., [@B3]). Others examples of lncRNAs located in imprinted regions, such as Airn (Sleutels et al., [@B42]; Nagano et al., [@B31]), H19 (Gabory et al., [@B10]), NESPAS (Wroe et al., [@B46]), or Kcnq1ot1 (Mancini-Dinardo et al., [@B26]; Mohammad et al., [@B29]) are involved in the inactivation of gene expression via specific associations with chromatin-modifying complexes. More recently, the HOTAIR lncRNA was shown to epigenetically repress the HOXD locus via the recruitment of the PRC2 complex (Rinn et al., [@B40]). Strikingly, this study described a trans mechanism of action of a lncRNA located on human Chromosome 5 which modulates expression of multiple genes clustered on human Chromosome 4 (HOXD locus; Rinn et al., [@B40]). Supporting this hypothesis, two recent papers (Cabili et al., [@B4]; Guttman et al., [@B14]) showed that lncRNAs primarily affect gene expression in trans. The latter work used loss-of-function protocols to demonstrate that large intergenic ncRNAs (lincRNAs) both up- and down-regulate hundreds of genes expression in trans which support a primary role of lincRNAs in the circuitry controlling embryonic stem (ES) cell states (Guttman et al., [@B14]).

On the other hand, previous studies showed that some lncRNAs could also activate expression of protein-coding genes in their immediate genomic neighborhood. This cis-mechanism of action was demonstrated by Ørom and colleagues who used interference RNAs (siRNAs) to knock down candidate lncRNAs annotated as part of the GENCODE project (Harrow et al., [@B15]). The inactivation of some of these lncRNAs further triggers a down-regulation of protein-coding genes transcription located either in the same or opposite strand within 1 Mb from the lncRNA (Ørom et al., [@B32]) suggesting the latter functions as a transcriptional activator. Further supporting the cis-mechanism, a lincRNA called HOTTIP transcribed from the HOX A locus coordinates the transcription of several genes localized in cis at the 5′ of the HOXA locus (Wang et al., [@B44]). HOTTIP was shown to activate gene expression by recruiting the WDR5/MLL complex and thus depositing the activating histone modification H3K4me3. Finally, the distinction between activating lncRNAs and enhancers remains unclear. For instance, about 12,000 actively regulated enhancer were identified based on their bindings to the transcriptional co-activator p300/CBP in mouse neurons (Kim et al., [@B22]). Using ChipSeq analysis to define RNA polymerase II binding sites, the authors also reported that 25% of the enhancers co-localize with RNAPII sites suggesting that some enhancers are transcribed; they termed these transcripts eRNAs for enhancer RNAs (Kim et al., [@B22]). It will be important to functionally define whether such eRNAs are all required for enhancer function, or are simply a by-product of some non-functional transcription of enhancers by RNA PolII.

Similarly it will be important to define whether the activating lncRNAs (Ørom et al., [@B32]) are in fact a subset of eRNAs, or not.

While it is more likely that an lncRNA regulates the co-expression of nearby protein coding genes (as for tandemly duplicated genes, imprinted genes, or ubiquitously expressed genes), an interesting study demonstrate that modulating the expression of a particular locus will also trigger the modification of the expression of nearby transcripts by a mechanism known as « ripple of transcription» (Ebisuya et al., [@B7]). Taken together and similar to the behavior of protein-coding genes, lncRNAs seem to act both in cis and trans and are a key player of the regulation of gene expression.

LncRNAs in Human Disease
========================

There is growing evidence that lncRNAs are involved in disease progression and especially cancers. For instance, recent work implies a non-coding RNA, lincRNA-p21, in the p53 response though the modulation of multiple p53 dependent gene expression in trans (Huarte et al., [@B17]). Another example is MEG3, which is thought to directly activate the tumor suppressor gene p53, although the mechanism has yet to be elucidated (Zhou et al., [@B47]). Finally, another long non-coding RNA, called ANRIL, located in the p15/CDKN2B--p16/CDKN2A--p14/ARF is genetically associated with diverse diseases such as diabetes, gliomas, coronary diseases, and basal cell carcinomas via genome-wide association studies (GWAS; Pasmant et al., [@B34]; Wapinski and Chang, [@B45]). More generally, given the lack of annotation of human lncRNAs, one could speculate on the impact of non-coding regions of the human genome in an answer to the "missing heritability" in GWAS studies (Manolio et al., [@B27]). Indeed, given that at least a half of the human genome is transcribed into RNA molecules (Carninci et al., [@B5]; ENCODE Project Consortium et al., [@B8]), it is now exciting to further characterize the 80% of disease-associated variants that are located outside of protein-coding genes (Manolio et al., [@B27]). Thus lncRNA represent a new frontier in human disease genomics. Presently no drugs against lncRNAs are available. It will be fascinating to observe whether it will be possible to specifically drug lncRNA pathways, perhaps through the use of specific modified small oligonucleotides. It is also worth mentioning that ncRNAs can be detected in human bodily fluids and hold great promise as biomarkers (Gaughwin et al., [@B11]).

Resources for the Annotation of LncRNAs
=======================================

Similar to that of protein coding genes, resources for the global annotation of lncRNAs are needed in order to identify, classify and elucidate the roles of these transcripts within the cell machinery.

Particularly relevant is the effort from John Mattick's group to compile and centralize biologically meaningful information dedicated to lncRNA (Amaral et al., [@B2]). The lncRNA database (lncRNAdb) provides sequence, structural, and conservation evidence for mutli-species lncRNAs together with a list of lncRNAs that are experimentally known to interact with coding mRNAs.

In mouse in the early 2000s, the FANTOM consortium pioneered the genome-wide discovery of lncRNAs publishing a set of 34,030 lncRNAs based on cDNA sequencing (Maeda et al., [@B25]). More recently, Guttman and colleagues used chromatin signatures via ChIPSeq (Chromatin Immuno-Precipitation followed by high throughput Sequencing) to reveal ∼1,600 lincRNAs (Guttman et al., [@B13]). They further showed that some of these lincRNAs are functional and transcriptionally regulated by key transcription factors such Oct4 (Guttman et al., [@B13]). While expressed in a wide range of tissue, lincRNAs tend to be modestly conserved (Marques and Ponting, [@B28]) as shown by using a neutral indel model which exploits the patterns of substitutions and insertions or deletions (Lunter et al., [@B24]). The methodology employed by Guttman and colleagues has been applied to human thus leading to the identification of about ∼3,300 lincRNAs whose functional roles may include guidance of chromatin-modifying complexes to specific regions of the genome (Khalil et al., [@B21]). Very recently, the growing interest in lincRNAs led to the annotation of more than 8,000 lincRNA genes in human using a combination of computational methods and RNASeq experiments especially from the Human Body Map (HBM) project (Cabili et al., [@B4]; Table [1](#T1){ref-type="table"}).

###### 

**Description of human lncRNAs published catalogs**.

  References                   Number of lncRNA elements   LncRNAs classes considered   Type of annotation                            PolyA type      Experimental evidence
  ---------------------------- --------------------------- ---------------------------- --------------------------------------------- --------------- ---------------------------------------------
  Khalil et al. ([@B21])       ∼3,300                      Intergenic                   Bioinformatic predictions                     PolyA+          (ChiPSeq) + expression array
  Jia et al. ([@B19]).         6,736                       Genic + intergenic           Bioinformatic predictions + manual curation   PolyA+          Full-length cDNAs
  Kapranov et al. ([@B20])     580                         Intergenic                   Bioinformatic predictions                     PolyA+ PolyA−   Single-molecule sequencing (SMS) Helicos
  Ørom et al. ([@B32])         3,019                       Intergenic                   Manual curation                               Mainly polyA+   cDNA/ESTs + RNAseq
  Cabili et al. ([@B4])        8,263                       Intergenic                   Bioinformatic predictions + manual curation   PolyA+          (ChiPSeq) + RNAseq
  Derrien et al. (submitted)   9,277                       Genic + intergenic           Manual curation                               PolyA+ PolyA−   (ChiPSeq) + cDNA/ESTs + RNAseq + CAGE/diTAG

It is worth mentioning that many of the current RNASeq data (including HBM) mainly select RNA transcripts harboring a polyA tail at their 3′end (polyA+) and therefore offer little information on transcripts lacking polyA (polyA−). To tackle this issue, sequencing technologies such as single-molecule sequencing (SMS; Pushkarev et al., [@B39]) was used to estimate the abundance of ncRNAs by avoiding amplification and minimizing sample preparation (Kapranov et al., [@B20]). Interestingly, this studies revealed that "dark matter" transcription may represent the majority of the total (non-ribosomal and non-mitochondrial) RNA of a cell. In addition, it shed light on a new class of very long ncRNAs (min size ∼50 kb), abundantly expressed and localized in intergenic regions of the genome, the so-called vlincRNAs (very long intergenic ncRNAs). Focusing on the total RNA of a cell rather than the highly selected polyA+ transcripts seems to complement the latest catalog of lincRNAs (Cabili et al., [@B4]) since only 40% of these vlincRNAs overlap the lincRNA genes. We also recently showed that the GENCODE lncRNA set tends to have higher PolyA− representation compared to protein-coding mRNAs (Derrien et al., submitted). Although many studies have concentrated on the intergenic lncRNAs (the lincRNAs), this seriously underestimates the true number of lncRNA transcripts in the genome. Approximately one third (Derrien et al., submitted) to one half (Jia et al., [@B19]) of lncRNAs overlap protein-coding loci in some way -- "genic" lncRNAs. It seems therefore essential to annotate lncRNAs both in intergenic and coding regions since (i) the exact boundaries of protein-coding genes is frequently subject to variations and reannotations (Denoeud et al., [@B6]; Gingeras, [@B12]) and thus could lead to the revision of a lincRNAs into a *bona-fide* lncRNAs, (ii) thousands of protein-coding genes harbor natural antisense transcripts belonging to the lncRNAs class (He et al., [@B16]; iii) numerous functional genic lncRNAs overlapping protein-coding genes have been experimentally validated, especially in disease states (Faghihi et al., [@B9]; Pasmant et al., [@B35]; Wapinski and Chang, [@B45]). A recent catalog of both genic and intergenic lncRNAs has been released based on genome-wide computational approach combined with intensive manual annotation. This led to the identification oh 6,736 lncRNA genes in human (Jia et al., [@B19]) among which 63% are localized within or in a close proximity (\<10 kb) of known protein coding genes (Jia et al., [@B19]).

The GENCODE Catalog of Human lncRNAs
====================================

Most recently, the GENCODE annotation group has produced the most comprehensive, high-quality human lncRNA annotation to date. In order to identify all evidence-based functional gene features in the human genome, the GENCODE group (Harrow et al., [@B15]) within the ENCODE framework (ENCyclopedia Of DNA Elements; ENCODE Project Consortium et al., [@B8]) provides a high-quality collection of lncRNAs. GENCODE annotation involves manual curation, multiple computational analysis, and targeted experimental approaches, all together representing complementary methodologies for the complete identification of all human functional elements (coding and non-coding genes). At present, the GENCODE collection (Version 7) comprises 14,880 lncRNA transcripts arising from 9,277 distinct gene loci (Derrien et al., submitted).

In a recent study, we investigated whether these lncRNAs are under negative evolutionary selection, indicative of functionality (Derrien et al., submitted). Evolutionary scores were computed based both on the phastCons program (Siepel et al., [@B41]) and custom BLAST alignments within mammals in order to measure the conservation profiles of GENCODE lncRNAs in comparison with protein-coding transcripts and ancestral repeats (ARs), the latter representing a good proxy for measuring neutrally evolving sequences (Ponjavic et al., [@B36]). Overall, lncRNAs show moderate sequence conservation compared to coding transcripts. This lower sequence conservation may reflect the fact that functional RNA structures are more robust in the face of sequence mutations and insertions--deletions (indels), compared to the higher constraints inherent of protein-coding open reading frames. Nevertheless, lncRNAs and more especially, their promoters, showed statistically significant, non-random conservation, strongly suggesting a functional role for these ncRNAs. Interestingly, about one third of the 15,000 lncRNAs display a primate-specific pattern of conservation (Derrien et al., submitted).

Using whole transcriptome sequencing (RNAseq) of 16 human cell lines produced in the framework of the ENCODE consortium (ENCODE Project Consortium et al., [@B8]) and 16 tissues from the Human Body Map project ([www.illumina.com](www.illumina.com)), we showed that 94% of the GENCODE lncRNAs transcripts are expressed in at least one of these tissue/cell line studied. Strikingly, the level of expression of polyA+ lncRNAs is ∼10--20 times lower than protein-coding transcripts reinforcing the need to use deep sequencing based technologies to identify these low expressed non-coding loci (Figure [1](#F1){ref-type="fig"}.). We also demonstrated that lncRNAs tend to be enriched in nucleus in comparison with mRNAs; this latter observation being consistent with the idea that many lncRNAs may be devoted to gene regulation in the nucleus. Finally, the question is raised as to whether lincRNAs could encode very small peptides as shown by Ingolia et al. ([@B18]). However, there is still conflicting evidence about this hypothesis since a recent study which used comprehensive mass spectrometry data (MS) produced as part of the ENCODE project only found about a hundred of GENCODE lncRNA to be matched by small peptides (Banfai et al., submitted).

![**Proportion of GENCODE polyA+ LncRNAs and protein coding at the gene (*n* = 9,277 and 18,063; respectively) and transcript levels with increasing thresholds of expression values (RPKM) in ENCODE RNASeq experiments**.](fgene-02-00107-g001){#F1}

Conclusion
==========

Over the past decade, the estimation of the proportion of "functional DNA" in the human genome has been constantly revised upward (Ponting and Hardison, [@B37]).

We now know that the human genome contains thousands of lncRNAs, both genic and intergenic. This new class of non-protein coding RNAs (ncRNAs) lack functional ORFs, are modestly conserved and seem to negatively and positively regulate protein coding gene expression, in cis and trans. Diverse mechanisms of action have been observed (see for reviews Ponting et al., [@B38]; Nagano and Fraser, [@B30]) suggesting that lncRNAs are a fundamental regulators of transcription. The classification of lncRNAs remains difficult, and we presently have only a vague idea of what sub-categories exist, and how we might use experimental or sequence information to distinguish between such categories. With the ongoing and increasing number of RNAseq experiments characterizing transcriptomes of multiples cell lines and human tissues (in particular within the ENCODE consortium), it is likely that the number of annotated lncRNAs will increase dramatically in the near future. Future studies will likely focus on identifying functional lncRNAs, and those involved in human disease processes.
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